Abstract. Glycogen levels in human lung and colorectal cancerous tissues were measured by the Fourier transform (FT-IR) spectroscopic method. Reliability of this method was confirmed by chemical analyses of the same tissues used for the FT-IR spectroscopic measurements, suggesting that this spectroscopic method has a high specificity and sensitivity in discriminating human cancerous tissues from noncancerous tissues. The glycogen levels in the tissues were compared with the clinical, histological and histopathological factors of the cancer, demonstrating that glycogen is a critical factor in understanding the biological nature of neoplastic diseases. Furthermore, direct measurement of a very small amount of tissue by a FT-IR microscope suggested that it could be used as a diagnostic instrument for various tissue samples obtained via a fine needle biopsy procedure. The progressive alterations in rat mammary gland tumors were investigated by a near-infrared (NIR) spectrometer with a fiber optic probe. A lipid band due to the first overtone of n-alkane was used to quantitatively evaluate malignant changes in the tumors. NIR spectroscopy may offer the potential for non-invasive, in vivo diagnosis of human cancers.
Introduction
Infrared radiation is divided into three regions, 14,000 to 4,000 cm −1 (714 to 2500 nm) for nearinfrared, 4000 to 400 cm −1 (2.5 to 25 µm) for mid-infrared, and 400 to 4 cm −1 (25 to 2500 µm) for far-infrared [1] . Most commonly, the mid-infrared radiation is used for infrared spectroscopy because the vast majority of molecules in the universe absorb its light. Fourier transform infrared (FT-IR) spectroscopy, which is a non-invasive physical method, has received attention for investigation of biomolecules and for understanding the biological nature of neoplastic diseases [2] [3] [4] [5] . Recently, Fourier transform microscopy (FT-IR-MC) has received a great amount of attention from various aspects since it allows highly precious analysis of very small sections of tissue in situ without extraction [6] [7] [8] . Diagnostic applications of the mid-infrared spectroscopy, however, are limited because many biological materials absorb the mid-infrared radiation so strongly that the path lengths greater than 10-15 µm are not used. In contrast, near-infrared (NIR) spectroscopy due to scattering phenomena rather than absorption phenomena overcomes this problem and has recently been employed in various fields [9, 10] . We would like to review applications of these apparatus to cancer research through our works.
FT-IR spectroscopic study of human lung and colorectal cancers
Glycogen in malignant cells is generally considered to be a specific differentiation material [11] . We studied glycogen levels in human lung tissues in relation to the histological classification and differentiation of carcinomas by an attenuated total reflectance FT-IR spectroscopic method [4] : A tissue sample (100 mg) was pulverized under liquid nitrogen using a small pre-cooled mortar and pestle. The resulting powder was placed equally on a zinc selenide prism, covered with an aluminum foil, and set on a horizontal attenuated total reflectance accessory. The spectra were obtained with a System 2000FT-IR (Perkin Elmer, Ltd., UK) equipped with a DTGS (deuterated triglycine sulfate) detector.
To quantitatively evaluate glycogen levels in the tissues, we chose the band at 1045 cm −1 that is assigned as the C-O stretching coupled with C-O bending of the C-OH group of glycogen and the band at 1545 cm −1 due to amide II of protein as an internal standard peak, and measured their integrated areas by least-square iterative curve fitting to fit Lorentzian line shapes. From these data, we calculated the ratio of the glycogen band area (A1045) and the protein band area (A1545), and compared these ratios (A1045/A1545) with the clinical and pathological data. The results suggested that the glycogen levels in adenocarcinoma and squamous cell carcinoma were significantly higher than those in the corresponding normal sections and that the relative amount of glycogen in the adenocarcinoma (compared to glycogen level in the corresponding normal section) was significantly higher than that in the squamous cell carcinoma. When the change in the glycogen levels was compared with the different grade of differentiation of squamous cell carcinomas, we found that the glycogen levels in the well-differentiated squamous cell carcinomas were significantly higher than those in poorly differentiated ones.
To find out correlation between the amounts of glycogen measured by our FT-IR spectroscopic method and that by usual chemical methods, we analyzed the glycogen levels in the same tissues as used for FT-IR measurements by a chemical method [12] and the protein levels by a dot METRIC (Geno Technology, Inc. St. Louis, USA). The ratio of glycogen levels in the malignant and normal tissues with adenocarcinoma, which were obtained by the FT-IR spectroscopic method, was 2.11 while that by the chemical method was 2.03. With squamous cell carcinoma, those ratios were 1.63 and 1.51, respectively. The protein levels were very similar between the malignant and normal tissues in both carcinomas. The results are summarized in Table 1 (unpublished results) . From these results, we confirmed that our FT-IR spectroscopic method is very reliable to estimate glycogen levels in human lung tissues.
Next, we investigated the amounts of glycogen in three sections of human colorectal tissues, cancerous sections, adjacent sections and normal sections, by the FT-IR spectroscopic method [5] . Glycogen levels in both the colon and rectum were found to be highest in the cancerous sections, lower in the normal sections and lowest in the adjacent sections. The glycogen level in the rectum, however, seemed to be less than that in the colon. These results were compared with histopathological factors (tumor size and stage of disease) and cell cycle progression. We found that glycogen levels in the cancerous tissues were negatively correlated with the tumor size and the progression of disease stage. In regard to the cell cycle progression, there was a positive correlation between the glycogen level and the proportion of cancer cells in the G 1 phase while there was a negative correlation between the glycogen level and those in the S and G 2 M phases. Glycogen levels were highest in the cancers with a high proportion of cells in the G 1 phase and decreased with progression to the S phase. These findings indicate that glycogen may be utilized in synthesis of DNA and that the cancerous tissues are supplied with glycogen from their adjacent tissues. The result is very interesting therapeutically since colorectal cancer growth may be inhibited by artificial control of glycogen level in the G 1 phase of cancer cells.
FT-IR microscopic study of human lung cancer
The FT-IR technique described in the above papers is limited because it requires pretreatment of the samples as well as a quite large amount of the tissue. Furthermore, the spectra themselves do not always provide detailed information on the cancer because of the homogenized samples for FT-IR spectroscopic measurements. Thus, we studied again human lung cancerous and noncancerous tissues by using a FT-IR microscope [8] : Tissue samples were embedded in OCT (Optimal Cutting Temperature) and frozen immediately in liquid nitrogen. Each frozen tissue was cut into two successive 10-µm-thick sections. One was mounted on a calcium fluoride (CaF 2 ) window for FT-IR spectroscopic measurements and the other was fixed on a microscope slide for histopathological examination. Infrared spectra of the dried tissues on the CaF 2 window were measured in the frequency region 950-4000 cm −1 at room temperature with a System 2000 FT-IR equipped with an AutoIMAGE Microscope. Each background spectrum was measured at the position of the CaF 2 window without a tissue. The spectra were collected with an aperture of 100 × 100 µm, 50 scans, and a resolution of 4 cm −1 .
Cancerous and noncancerous sections were determined by comparing with the photomicrographs obtained from the hematoxylin-eosin-stained tissues. The spectral patterns in the cancerous sections were quite different from those in the corresponding noncancerous sections. In the frequency region 1430-1480 cm −1 , the band intensities in the cancerous sections were clearly reduced, while in the frequency region 980-1150 cm −1 , they were increased when compared with those in the noncancerous sections. Since it has been known that amounts of DNA [6] , glycogen and cholesterol [13] in the lung cancerous tissues differ from those in the normal tissues, we chose the bands at 1084 cm −1 (DNA), 1045 cm −1 (glycogen), 1467 cm −1 (cholesterol) and 1545 cm −1 (protein as an internal standard peak), and measured their corresponding corrected peak heights, H1084, H1045, H1467, and H1545, respectively. The amounts of DNA and glycogen in the tissues were expressed as the ratios of H1084/H1545 and H1045/H1545. Furthermore, if decreasing amount of cholesterol has a critical factor for forming the lung cancer, the H1045/H1467 ratio might be more sensitive and specific to the malignant changes than the H1045/H1545 ratio. These ratios in the cancerous and noncancerous sections indicated that the H1045/H1467 ratio is an exceptionally useful factor for discriminating the cancerous tissues from the noncancerous tissues.
For the microscopic mapping, a square region (200 × 200 µm) of a tissue was selected and mapped with 10-µm steps in the X and Y directions (aperture 40 × 40 µm). The maps were presented by a single wavenumber (1045 cm −1 ) map using the wavenumber 1467 cm −1 as a reference (Fig. 1) . Cancerous sections and noncancerous section were determined by comparing with the photomicrographs obtained from the hematoxylin-eosin-stained tissues. The distribution pattern of the cancerous sections was al- Fig. 1 . Photomicrograph (×200, original magnification) of adenocarcinoma (I), its infrared microscopic map (II), and spectra (III) of the different color clusters on II. most exactly the same as that in the corresponding photomicrograph. The spectra of the different color clusters indicated successive changes in the absorptions due to glycogen and cholesterol. These findings demonstrated that the map reflected small changes in the spatial distribution of cancer cells.
To get information on the possibility that FT-IR-MC could be used as a diagnostic instrument, we investigated very small amounts of tissues that might be obtained via a fine needle biopsy procedure using the FT-IR microscope. For the direct measurement, a sample (less than 0.1 mg) was directly placed on a small CaF 2 disk and carefully stretched it with a tweezers and a surgical knife to get the clear or thin section of the tissue. The H1045/H1467 ratios of the cancerous and noncancerous sections were analyzed as mentioned above. These results were compared with those obtained from the microtomecut slices. The graphic patterns of the direct measurements are very similar to those obtained from the measurements of microtome-cut slices, demonstrating that this simple method will be reliable for the analysis of biopsy samples.
In vivo NIR spectroscopic study of rat mammary gland tumors
Breast cancer is the most common cancer in women of the western world, and incident rates are constantly increasing even in other countries. In order to get fundamental information on progressive alterations in breast tissues during cancer development, we examined the NIR spectral changes of mammary gland tissues in the carcinogenic processes of rats treated with 7,12-dimethylbenz[a]anthracene (DMBA) [10] . Female Sprague-Dawley rats were treated with 30 µl of pentobarbital/kg body wt, and hairs on the measurement sites were removed under anesthesia with a hair clipper. An animal was set on the apparatus, and the fiber optic probe was attached to a clamp to make its tip contact the center of the cancer or the teats of the breast. The contact pressure was adjusted to be as constant as possible by carefully turning the knob of a laboratory jack. Spectral measurements were carried out with a Bruker IFS28/N-spectrometer equipped with a N261 fiber optic probe at 25 • C.
Each spectrum was obtained from 50 interferograms with a resolution of 32 cm −1 . The measured reflectance spectra were converted to log(1/reflectance) spectra and the spectral wavenumbers (cm −1 ) were converted to wavelengths (micrometers or nanometers). The log(1/reflectance) spectra were converted to the second derivative spectra, as the second derivative techniques are usually used in such analyses of NIR spectra to minimize baseline offsets and to resolve overlapping absorption.
Since correlations between NIR spectra and band assignments are not well established in the NIR regions for most compounds, we measured the second derivative spectra of the standard samples (cholesterol, linoleic acid, protein, collagen, elastin and DNA) to obtain information on their characteristic bands in the spectra of mammary gland tissues. The results indicated that the intensities of DNA bands and water bands in the cancerous tissues were relatively increased while those of the lipid bands were reduced in relation to those in the normal site. With protein bands, however, their intensities differed little between both sites. Thus, a lipid band around 1725 cm −1 due to the first overtone of n-alkane [3] and a protein band around 2054 cm −1 due to a combination band of amide A and amide II of polypeptides [14] as an internal reference band were chosen for the quantitative evaluation of malignant changes in mammary gland tissues. Using the relative intensities of the second derivative spectra, the lipid/protein ratios were calculated from the spectra of the mammary gland tissues in the control animals and those of noncancerous and cancerous sites in the treated animals. The ratios were significantly different from each other, demonstrating that the lipid concentrations in different mammary gland tissues can be accurately estimated.
To investigate progressive alterations in the malignant tissues, the second derivative spectral changes were investigated in the 1600 to 1800-nm region with regard to the elapsed times until 11 weeks after the administration of DMBA. With the cancer growth, the intensity of the lipid band decreased and this band was shifted to higher wavelengths by 7 nm at the 11th week compared to the wavelength of the band at the 5th week. The reduced amounts of lipids in the cancerous sites may be caused by a high metabolic demand of lipids in the malignant tumors. Furthermore, the higher wavelength shift may be caused by the formation of elastic fibers in the lipid layer with collagen induced in the cancer tissues.
Histological information on the same tissues as those used for the NIR spectroscopic measurements was necessary to confirm the present spectral data. Thus, we stained the normal and cancerous tissue sections with Masson trichrome dye: The photomicrographs indicate a large difference between the normal and cancerous tissue components: The cancer cells infiltrated into the subcutaneous tissue (mainly lipids) resulting in a marked decrease in tissue thickness around the cancer when compared to normal subcutaneous tissue. In addition, many collagen fibers can be seen in the subcutaneous tissue of the cancer, supporting the NIR spectral findings as mentioned above. These findings are in good agreement with the reduced amounts of lipids and the higher wavelength shifts of the lipid band, which were observed in the NIR spectra in the cancerous tissue. Thus we can get accurate information on changes in whole tissue components by measuring NIR spectra.
Conclusion
The FT-IR spectroscopic method has a high specificity and sensitivity in discriminating human cancerous tissues from noncancerous tissues. The FT-IR microscope could be used as a diagnostic instrument for various tissue samples obtained via a fine needle biopsy procedure. NIR spectroscopy may offer the potential for non-invasive, in vivo diagnosis of some human cancers. Its application to humans, however, is far more difficult, and much work remains to be done from various aspects.
